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1
GAS-PHASE SYNTHESIS METHOD FOR
FORMING SEMICONDUCTOR NANOWIRES

CROSS-REFERENCE TO OTHER
APPLICATIONS

This application is a national phase application under 35
US.C. §371 of international application PCT/SE2011/
050599 (filed May 11, 2011) which claims priority to
Swedish Application 1050466-0 (filed May 11, 2010).

TECHNICAL FIELD OF THE INVENTION

The present invention relates to formation of wires and in
particular to gas-phase synthesis of wires in the absence of
a substrate. The gas-phase synthesis is applicable to different
materials, and in particular to semiconductor materials.

BACKGROUND OF THE INVENTION

Small elongated objects, usually referred to as nanowires,
nanorods, nanowhiskers, etc. and typically comprising semi-
conductor materials, have up till now been synthesized using
one of the following routes:

liquid phase synthesis, for example by means of colloidal

chemistry as exemplified US 2005/0054004 by Alivi-
satos et al,
epitaxial growth from substrates, with or without catalytic
particles as exemplified by the work of Samuelson et al
presented in WO 2004/004927 A2 and WO 2007/10781
Al, respectively, or

gas phase synthesis by means of a laser assisted catalytic
growth process as exemplified by WO 2004/038767 A2
by Lieber et al.

The properties of wires obtained using these routes are
compared in the following table.

Width/

length Scalability/
Material and size Structural cost of
quality control complexity  production
Liquid HIGH THIN/ LOW HIGH/HIGH
phase SHORT
MEDIUM
control
Substrate- HIGH ALL/ALL HIGH LOW/HIGH
based HIGH
control
Laser MEDIUM THIN/ LOW MEDIUM/
assisted LONG MEDIUM/
MEDIUM
control

Consequently, the choice of synthesis route is a compro-
mise between different wire properties and cost of produc-
tion. For example substrate-based synthesis provides advan-
tageous wire properties but since wires are formed in
batches the scalability of the process, and thus the produc-
tion cost and through-put, are limited.

SUMMARY OF THE INVENTION

In view of the foregoing one object of the invention is to
provide a method and a system for forming wires that
enables a large scale process combined with a structural
complexity and material quality comparable to wires formed
using substrate-based synthesis.
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The method comprises the basic steps of

providing catalytic seed particles suspended in a gas,

providing gaseous precursors that comprises constituents
of the wires to be formed,

passing the gas-particle-precursor mixture through a reac-
tor, typically a tube furnace, and

growing the wires from the catalytic seed particles in a
gas-phase synthesis including the gaseous precursors while
the catalytic seed particles are suspended in the gas.

In a first aspect of the invention wires of different con-
figuration such as wires made of essentially the same
material, unipolar wires, or more complex wires such as
wires with axial pn- or pin-junctions, wires with radial pn-
or pin-junctions, heterostructure wires, etc. can be provided
by varying the growth conditions during growth of each
wire, such that a wire segment is axially grown on a
previously formed wire portion in a longitudinal direction
thereof, or a shell is radially grown on the previously formed
wire portion in a radial direction thereof, or material is added
as a combination of axial and radial growth. The growth
conditions can be varied between the reaction zones by
controlling one or more of parameters associated with:
precursor composition, precursor molar flow, carrier gas
flow, temperature, pressure or dopants. This variation is in
practice achieved by performing the wire growth in two or
more zones, which may be kept at different temperature, and
into which suitable growth or dopant precursor molecules
are injected by means of mass flow controllers or similar
devices.

Growth conditions can also be varied over time by
controlling one or more of parameters associated with:
precursor composition, precursor molar flow, carrier gas
flow, temperature, pressure or dopants, or the size distribu-
tion of the catalytic seed particles, such that the wire
properties can be varied from time to time, either to produce
a batch with a range of different wires, or to produce distinct
homogeneous batches.

The catalytic seed particles can be provided as an aerosol
that is mixed with the gaseous precursors prior to, or during,
initiation of wire growth. Alternatively the catalytic seed
particles are formed by formation from gaseous reactants
that comprises at least one of the constituents of the catalytic
particles, thereby enabling a self-catalyzed wire growth.

Preferably, the method of the invention comprises pro-
viding a flow of the gas that carries the catalytic seed
particles and subsequently the partly or fully formed wires
through one or more reactors, each reactor comprising one
or more reaction zones. Thereby the catalytic seed particles
and any wires formed thereon flow sequentially through one
or more reaction zones, where each reaction zone contrib-
utes to the wire growth by adding material to the wire or
etching the wire. This enables to provide optimum condi-
tions for each step in the growth process.

The diameter of the wires is partly determined by the size
of the catalytic particles. Thus the diameter of the wires can
be controlled by choosing an appropriate size or size distri-
bution of the catalytic seed particles and by adjusting the
growth conditions to the size of the catalytic seed particles.

In the case of a second reaction furnace or reaction zone,
continued wire growth occurs on pre-fabricated semicon-
ductor wires with attached catalytic particles, formed in the
first reactor. These wires act as flying substrates, and con-
sequently growth will take place more readily than in the
first zone, where wire nucleation takes place on the seed
particles. Therefore, wire growth in subsequent furnaces is
more efficient and takes place at lower temperatures.
Depending on growth conditions (reactor temperature and
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pressure, precursor type and concentration, seed particle/
wire size and concentration, and reaction time) the subse-
quent wire growth takes place in the axial or radial direction,
or as a combination of both.

In one aspect of the invention, the method comprises
addition of HCI or other etching halide compound to the
flow of aerosol, to emulate the conditions in hydride vapour
phase epitaxy, HVPE, preventing growth on the hot wall of
the reactor. HVPE sources, where metallic group-I1I atoms
are carried as chlorides to the reaction zone, can also be used
in this invention.

In another aspect of the invention, the seed particles/wires
are heated by means of microwaves, infrared light or other
electromagnetic radiation, instead of or as a complement to
the hot wall tube furnace. This allows the gas to remain more
or less cold, minimizing the amount of gas-phase reactions,
while allowing growth on the hot particle/wire surfaces.

In yet another aspect of the invention the method com-
prises in-situ analysis of the wires or the partly grown wires
to obtain the desired wire properties. Means for controlling
the wire growth involve control of the size of the catalytic
seed particles, but also control of growth conditions by
controlling one or more of parameters associated with:
precursor composition, precursor molar flow, carrier gas
flow, temperature, pressure or dopants, in one or more of the
reaction zones mentioned above. The in-situ analysis pro-
vides means for obtaining feed-back in a control loop not
available in for example substrate-based synthesis. Any
deviation from desired properties is rapidly detected and the
growth conditions can be adjusted without significant delay
or without having to discard a significant number of wires.

Means for in-situ analysis include means for detecting the
size of the catalytic seed particles and/or the wires formed,
such as a differential mobility analyser (DMA), illumination
and detection of luminescence from the wires formed,
absorption spectroscopy, Raman spectroscopy and X-ray
powder diffraction on-the-fly, etc. In addition to the possi-
bility to control the wire growth in “real-time” the in-situ
analysis can also be used to selectively sort wires having
different properties, such as size. Although described in
terms of wires, it should be appreciated that the in-situ
analysis can be performed also on catalytic seed particles, or
partly formed wires.

In yet another aspect of the invention the method com-
prises collection of the wires from the gas that carries the
wires. The wires can be collected and stored for later use or
they can be transferred to a different carrier or a substrate to
be incorporated in some structure to form a device.

To take advantage of the continuous flow of wires the
wires may be deposited and/or aligned on a substrate in a
continuous process, such as a roll-to-roll process. The depo-
sition and/or alignment can be assisted by an electric field
applied over the substrate and further by charging the wires,
and optionally also the substrate. By local charging of the
substrate in a predetermined pattern wires can be deposited
in predetermined positions on the substrate. Thus the present
invention provides a continuous, high through-put, process
for manufacturing aligned wires on a substrate, optionally
with “real-time” feed-back control to obtain high quality
wires.

The wires produced by the method of the invention can be
utilised to realise wire based semiconductor devices such as
solar cells, field effect transistors, light emitting diodes,
thermoelectric elements, field emission devices, nano-elec-
trodes for life sciences, etc which in many cases outperform
conventional devices based on planar technology.

25

40

45

4

Although not limited to nanowires, semiconductor
nanowires produced by the method of the invention possess
some advantages with respect to conventional planar pro-
cessing. While there are certain limitations in semiconductor
devices fabricated using planar technology, such as lattice
mismatch between successive layers, nanowire formation in
accordance with the invention provides greater flexibility in
selection of semiconductor materials in successive segments
or shells and hence greater possibility to tailor the band
structure of the nanowire. Nanowires potentially also have a
lower defect density than planar layers and by replacing at
least portions of planar layers in semiconductor devices with
nanowires, limitations with regards to defects can be dimin-
ished. Further, nanowires provide surfaces with low defect
densities as templates for further epitaxial growth. As com-
pared to substrate-based synthesis lattice mismatch between
substrate and wire does not have to be considered.

The apparatus of the invention comprises at least one
reactor for growing wires, said reactor comprising one or
more reaction zones, means for providing catalytic seed
particles suspended in a gas to the reactor, means for
providing gaseous precursors that comprises constituents of
the wires to be formed to the reactor, and means for
collecting wires grown from the catalytic seed particles in a
gas-phase synthesis including the gaseous precursors while
the catalytic seed particles are suspended in the gas.

A plurality of reactors, each providing a reaction zone, or
reactors that are divided into different reaction zones, or a
combination thereof can be used to enable change of growth
conditions during growth of each wire. During processing
the catalytic particles, the partly grown wires and the fully
grown wires are carried by a gas flow sequentially through
the reactors.

Preferably the apparatus further comprises means for
in-situ analysis of the wires formed. In one embodiment of
the invention said means for in-situ analysis is arranged for
detection of wire properties after one of said reaction zones
and a signal from said means for in-situ analysis is fed back
to a means for controlling the growth conditions upstream.

One advantage of the method and apparatus in accordance
with the invention is that wires can be grown at a surpris-
ingly high rate. Growth rates may be higher than 1 pm/s,
which implies a growth time of a few seconds for a typical
wire of 0.4x3 um dimension. This means that, in a continu-
ous process in accordance with the invention the through-put
is tremendous.

Embodiments of the invention are defined in the depen-
dent claims. Other objects, advantages and novel features of
the invention will become apparent from the following
detailed description of the invention when considered in
conjunction with the accompanying drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention will now be
described with reference to the accompanying drawings,
wherein

FIG. 1 schematically illustrates axial growth of a
nanowire in accordance with the invention,

FIG. 2 schematically illustrates a system for forming
wires, in (a) with a single reactor, and in (b) extended to a
modular system with a plurality of reactors, in (c-h)
examples of different sub-modules in accordance with the
invention,

FIG. 3 schematically illustrates axial growth of a wire
comprising a pn-junction in accordance with the invention,
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FIG. 4 schematically illustrates core-shell growth of a
wire comprising a pn-junction in accordance with the inven-
tion,

FIG. 5 schematically illustrates a system for forming
wires comprising in-situ analysis modules in accordance
with the invention,

FIG. 6 schematically illustrates a first embodiment of a
system for forming nitride based LED structures with dif-
ferent emission wavelengths in accordance with the inven-
tion,

FIG. 7 schematically illustrates a second embodiment of
a system for forming nitride based LED structures with
different emission wavelengths in accordance with the
invention,

FIG. 8 schematically illustrates an arrangement for in-situ
photo luminescence measurements in a system for forming
wires in accordance with the invention,

FIG. 9 schematically illustrates an arrangement for in-situ
absorption measurements in a system for forming wires in
accordance with the invention, and

FIG. 10 and FIG. 11 shows wires of different configura-
tion formed in a system in accordance with the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

For the purpose of this application the term wire refers to
an elongated object. As mentioned above, these wires may
be of essentially nanometer dimensions in their width or
diameter, commonly referred to as nanowires, nanowhis-
kers, nanorods, etc., however not limited to this.

Referring to FIG. 1, basically a method for forming wires
in accordance with the invention comprises

providing catalytic seed particles 2 suspended in a gas,

providing gaseous precursors 3, 4 that comprises constitu-

ents of the wires 1 to be formed, and

growing the wires 1 from the catalytic seed particles 2 in

a gas-phase synthesis including the gaseous precursors
3, 4 while the catalytic seed particles are suspended in
the gas.

The growth, or at least part thereof, is performed at an
elevated temperature, typically in a furnace or some other
kind of reactor, and starts with an initiation of the growth by
catalytic decomposition of the gaseous precursors 3, 4 on the
surface of the catalytic seed particles 2 and nucleation. After
nucleation the wire 1 grows directionally and forms an
elongated object, i.e. a wire. Preferably the gas flows
through the reactor and thereby carries at least the catalytic
seed particles and thus the wires formed on the catalytic seed
particles through the reactor.

The method is described herein in terms of semiconductor
materials, in particular I11/V-materials, however not limited
to this. By way of example, FIG. 1 schematically illustrates
the formation of a GaAs wire 1 from a catalytic seed particle
2, such as gold, and gaseous precursors TMGa 3 and AsH,
4. As shown the catalytic particles are carried forward by the
gas into a reactor where the gaseous precursors 3, 4 are
present and the reaction takes place. The precursor gases
may be added to the gas flow prior to entering the reactor or
directly to the reactor.

A basic system for forming wires in accordance with the
present invention is schematically illustrated in FIG. 2a. The
system comprises at least one reactor 8 for growing wires 1,
means 9 for providing catalytic seed particles suspended in
a gas to the reactor 8, and means 10 for providing gaseous
precursors 3, 4 that comprises constituents of the wires 1 to
be grown from the catalytic seed particles in a gas-phase
synthesis including the gaseous precursors while the cata-
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6

Iytic seed particles are suspended in the gas. Optionally the
system further comprises means 11 for collecting the wires
1. The system may also comprise means for in-situ analysis
12 of particles and wires formed in the reactor 8, such as
differential mobility analyzers (DMAs) or other analysis
tools to monitor the dimension or other properties of the
wires.

In one embodiment of the method of the invention the
wire growth is performed in one or more reactors arranged
in sequence and/or in parallel, where a continuous flow of
catalytic seed particles is supplied as an aerosol, which is
mixed with gaseous precursors 3, 4, and then the gas mixture
enters a first reactor of said one or more reactors where the
wire growth is initiated. The catalytic seed particles 2 can
also be formed by gaseous reactants inside said first reactor,
thereby enabling a self-catalyzed wire growth. When per-
forming the wire growth in a plurality of reactors, each
reactor increases the complexity of the wires, e.g., to make
pn-junctions or heterostructures in the axial or radial direc-
tion.

The reactors, the means for providing catalytic seed
particles, means for in-situ analysis, etc. of said system do
not have to be separate chambers or arrangements. Prefer-
ably the system is a modular system combined in an in-line
production apparatus. In particular, each reactor may com-
prise one or more reaction zones arranged in sequence
and/or in parallel as described for the reactors above. Hence
since a reaction zone has the same function as a reactor,
these terms are interchangeably used hereinafter. FIG. 25
schematically illustrates such a modular system with particle
delivery system 9, several growth modules arranged in
series and in parallel and means for collecting the particles
and wires being carried out from the growth modules by the
gas flow. FIG. 2 shows other examples of modules that can
be incorporated in the system: (c¢) a wire growth module, (d)
a shell growth module, (¢) a passivation layer growth
module, (f) an in-situ analysis tool 12 (with the arrow
indicating the possibility to feed-back control), such as a
DMA, (g) an evaporation module with an evaporation
source 13 and (h) a plasma-enhanced chemical vapour
deposition module with a plasma source 14, however not
limited to this.

FIG. 3 schematically illustrates how the method of the
invention can be used to form a GaAs wire comprising an
axial pn-junction between a p-doped GaAs segment and an
n-doped GaAs segment. Precursors 3, 4 comprising group
IIT material and group V material, respectively, and p-dop-
ants are provided to a reactor and, after nucleation, p-doped
GaAs is axially grown from the catalytic seed particle,
thereby forming a first axial segment of the GaAs wire.
Thereafter the growth conditions are changed by exchanging
the p-dopant to an n-dopant, while substantially maintaining
other parameters related to the growth conditions, such that
a second axial wire segment is axially grown on the previ-
ously formed first segment in a longitudinal direction
thereof. This illustrates the possibility to vary the growth
conditions during axial growth to obtain axial segments with
different properties.

FIG. 4 schematically illustrates the formation of a GaAs
wire comprising a radial pn-junction between a p-doped
GaAs core and an n-doped GaAs shell. Precursors 3, 4
comprising group III material and group V material, respec-
tively, and p-dopants are provided to the reactor and after
nucleation p-doped GaAs is axially grown from the catalytic
seed particle, thereby forming the core of the GaAs wire.
Thereafter the growth conditions are changed by increasing
the temperature and/or the V/IIl-ratio to promote radial
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growth and by exchanging the p-dopant to an n-dopant.
Thereby the shell is radially grown on the previously formed
core in a radial direction thereof. This illustrates the possi-
bility to vary the growth conditions to switch between axial
growth and radial growth.

Although exemplified with GaAs, it should be appreciated
that other III/V semiconductor materials as well as semi-
conductor materials comprising group II and group VI
materials can be processed in the same way. For example the
gaseous precursors of the above examples can be exchanged
for TMIn and PH; to form InP wires. As appreciated to a
person skilled in the art the reactor configuration does not
have to be changed to form wires from different gaseous
precursors, the gaseous precursors are simply switched.
Moreover, the processes such as those exemplified by FIG.
3 and FIG. 4 can be performed with or without dopant.
Insulators can also be grown. Single or multiple reactors or
reaction zones within a reactor can be used to improve
formation of segments, cores or shells having different
composition, doping or conductivity type. Moreover, axial
and radial growth is not necessarily fully decoupled but the
wire can grow both radially and axially at the same time. By
choosing appropriate gaseous precursor, flows, tempera-
tures, pressures, and particle sizes, the wire material can be
made to grow in the axial or radial direction, or in a
combination of the two growth modes.

The catalytic seed particles may consist of a single
element, or a combination of two or more elements, to assist
in the wire growth or dope the wire. Gaseous precursors may
also be used to dope the wire.

In case of pre-forming the catalytic seed particles said
means for providing catalytic seed particles 9 may comprise
a particle generator. The particle generator produces an
aerosol of more or less size-selected particles by a range of
prior art methods. Particle generation can be done by evapo-
ration/condensation, spray or vapor pyrolysis, spark dis-
charge, laser ablation, electrospraying of colloidal particles,
etc. Size selection can be done by gas mobility classification,
e.g. by using a DMA, virtual impaction, or simply well-
controlled particle formation. For many applications, it is
desirable that the aerosol particles be electrically charged,
which can be accomplished by radioactive sources, corona
discharge, thermal or optical emission of electrons, etc. A
typical system for particle generation is described in Mag-
nusson et al., Gold nanoparticles: production, reshaping, and
thermal charging, J Nanoparticle Res 1, 243-251 (1999).

As mentioned above, the system may comprise one or
more reactors or reaction zones, where each reactor or
reaction zone adds a new functional layer to the wires. Such
a modular system is shown in FIG. 5, and is further
described below. Depending on the growth parameters, such
as precursor molecules, temperature, pressure, flows, par-
ticle density and particle size, the new functional layer can
be added as an axial extension of the previously formed
wires, as a radial shell, or as a combination of both axial and
radial growth. The formed layers can be of similar or
dissimilar material, i.e., homo- or heteroepitaxy, and of
similar or dissimilar conduction type, e.g., a pn-junction.
The functional layers are not limited to crystalline layers
formed by epitaxy but can also be amorphous layers such as
oxides, providing a passivating and/or insulating function-
ality. Chemical reactions to coat the wires with surfactants
or a polymer shell, or condensation of sacrificial layers for
later re-dispersion are other possibilities.

For some growth conditions, additional modules may be
added to the reactor or the reaction zone. For example a
plasma generator may be added to modify the chemical
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reactions to enable higher reaction rates. This is important
especially if the wire or layer formed on the wire is grown
at low temperature by a stable precursor which usually
requires a high temperature to decompose. A typical
example where this may be useful is for growth of nitrides
from ammonia.

Before or between the reactors or reaction zones, further
components may be placed, for example means for charging
particles or wires. A tube-shaped absorption filter can be
used to remove precursor molecules and small particles from
the gas flow, by taking advantage of a comparatively low
diffusion coefficient of the wires. Precursors and reactants
can thereby be replaced, not only added, between the growth
reactors. Size classification tools, such as DMA or virtual
impactor, can also be used to refine the gas flow, i.e. the
aerosol, or as in-situ analysis as explained below.

Referring to FIG. 5, in the following one implementation
of the method of the invention is described in terms of
growing GaAs wires containing a pn-junction. The system
comprises a particle delivery system that can consist of any
of the prior mentioned particle generators. The particles are
generated and then carried by a gas flow such as H, or N,
from the particle delivery system. Hereinafter, the gas flow
containing particles or wires is termed an aerosol. The GaAs
(n-type) wire growth module consists of a reaction furnace
and a gas delivery system for the precursor molecules. In
this case the precursor molecules are TMGa, AsH; and SiH,,.
TMGa and AsH, form the GaAs material while SiH, dopes
the wires with Si resulting in an n-type material. The
precursor molecules are mixed with the aerosol prior to
entering the reaction furnace. Upon entering the reaction
furnace the precursors react with the particles in the aerosol
forming n-type GaAs wires. The growth parameters (tem-
perature, flows, pressure etc.) are modified to obtain the
desired properties (length, crystal structure, shape etc.).
After the GaAs (n-type) wire growth module, the aerosol,
which now consists of the carrier gas and n-type GaAs
wires, exits the GaAs wire growth module, and is divided
into a small flow and a large flow. The small flow enters a
DMA which analyzes the wires size distribution. The larger
flow enters the next wire growth module. The GaAs (p-type)
wire growth module is designed to grow an axial extension
of p-type GaAs on top of the previously grown n-type GaAs
wires. The growth module has essentially the same design as
the GaAs (n-type) wire growth module except for the
precursors which now consist of TMGa, AsH; and DEZn.
TMGa and AsH, form the axial extension of GaAs material
while DEZn dopes the wires with Zn resulting in a p-type
material. The growth parameters in this furnace are not
necessarily the same as in the previous growth module but
are instead optimized to obtain an axial extension of the
wires with a high quality p-type GaAs material. Upon
exiting the GaAs (p-type) wire growth module the aerosol is
divided in a small and a large flow. The small flow enters a
DMA which analyzes the wires size distribution. The large
flow enters a wire collection module which can collect the
wires by any of the prior mentioned methods.

By using a plurality means for in-situ analysis, such as the
two in-situ DMAs of FIG. 5, the wire growth process can be
monitored at intermediate states of the wire growth and if
necessary, growth parameters can be adjusted to obtain
consistent, high quality wires with the desired properties.

As mentioned above, said method and system of the
invention can be used to form complex wire structures. By
way of example, FIG. 6 schematically illustrates a system
for growth of nitride-based light emitting diodes (LEDs)
adapted to provide emission at different wavelengths. The
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system comprises a particle delivery system a GaN (n-type)
wire growth module arranged in series followed by InGaN
shell growth modules arranged in parallel prior to an AlGaN
(p-type) shell module and finally a means for particle/wire
collection. Hence, the gas flow is divided into parallel
InGaN shell growth modules that are adapted to form InGaN
shells having different composition, i.e. In,Ga, ,N, In Ga, ,
N and In Ga, N where x=y=z. Due to the different growth
conditions in each of the branches the wires will obtain
different emission characteristics. For example, wires
adapted for emission in the red, green and blue wavelength
regions can be accomplished. By collecting the at least
partly formed wires from the InGaN shell growth modules
into a common gas flow the different wires can be grown and
collected simultaneously for assembly of white light LEDs.

FIG. 7 schematically illustrates a similar system as shown
in FIG. 6, although with the possibility of more control
during growth since different InGaN quantum wells get
different shells individually adapted for the quantum well
structure. In addition to the parallel InGaN shell growth
modules of the system of FIG. 6, each InGaN shell growth
module is followed by a p-AlGaN growth module. However,
a n-GaN wire growth module and a AlO passivation layer
growth module following the p-AlGaN shell growth mod-
ules may be the same for different wires in order to reduce
the complexity of the system.

The flexibility of the system allows for several in-situ
analysis tools 12, to measure and monitor properties which
are not obtainable using other wire growth techniques. This
allows instant feedback to regulate the system, making it
possible to continuously fine-tune material parameters in a
way that is not possible in other methods.

By way of example, wire size measurement and sorting is
achievable by using a DMA. The DMA, or any other means
for in-situ analysis, can be coupled either in series or in
parallel, depending on if the measurement is to be invasive
or non-invasive on the gas flow. Coupled in series a DMA
can sort the wires in the aerosol by their size. The size and
size distribution which is sorted depends on the properties
and settings of the DMA. Coupled in parallel, a small
aerosol flow can be extracted to the DMA for an almost
non-invasive measurement. In this case the DMA can scan
within its size detection range to give the size distribution of
the aerosol. This can be done while only wasting a small part
of the gas flow thus maintaining a high production rate of
wires.

By illuminating the gas flow, the optical properties of the
wires can be studied in a non-invasive manner. The light
source should preferably be a laser where the energy of the
light is higher than the band gap of one or more materials
that the wires consist of. By using a photodetector, the
luminescence from the wires can be studied. This enables
monitoring of the optical properties of the wires, which can
be used to tune growth parameters to obtain the desired
properties of the wires. This is in contrast to other growth
methods in that the wires may be cooled down rapidly after
each successive growth reactor or reaction zone and the
temperature sensitive photoluminescence technique can be
used between each step in the wire growth.

Further possible in-situ optical methods include absorp-
tion spectroscopy, where the absorption path would ideally
be along the wire flow; Raman spectroscopy (especially
Coherent anti-Stokes Raman Spectroscopy, CARS), which
can also be used inside reaction furnaces to study decom-
position of molecules and temperature gradients; and X-ray
powder diffraction on-the-fly.
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Depending on the type of wires being produced, different
collection methods are possible. For charged wires, they are
easily collected on any substrate by means of an electric
field. The aerosol may be bubbled through a liquid to remove
the wires from the gas flow, with or without surfactant
molecules to keep the wires from agglomerating. Wires that
are easily re-dispersed may be collected in a filter as a dry
powder.

FIG. 8 schematically illustrates an arrangement for in-situ
photo luminescence (PL) measurements in a system for
forming wires in accordance with the invention. This PL
arrangement comprises a light source and a photodetector
arranged at e.g. a transparent quartz tube. For an appropriate
luminescence measurement the light source should be a laser
with light of higher energy than the bandgap of the semi-
conductor material of the wires flowing through said trans-
parent quartz tube.

FIG. 9 schematically illustrates an arrangement for in-situ
absorption measurements in a system for forming wires in
accordance with the invention. This in-situ absorption mea-
surement arrangement comprises a light source and an
absorption detector arranged at e.g. a transparent quartz
tube. For an absorption measurement the light should ema-
nate from a white light source with collimated light. The
absorption detector is preferentially placed in this alignment
to the light source in order to maximize the absorption
volume of the aerosol.

As a further example of wires formed by the method and
the system of the invention FIG. 10 and FIG. 11 shows
scanning electron microscope (SEM) images of GaAs
nanowires grown under two different growth conditions,
hereinafter referred to as (i) and (ii), respectively. Au
agglomerates are generated from molten Au in a high
temperature furnace with a set temperature of (i) 1775° C. or
(i1) 1825° C. The Au agglomerates are carried by 1680 sccm
of N, carrier gas (hereinafter the carrier gas containing Au
agglomerates/particles is termed aerosol) between the dif-
ferent modules of the growth system. After the high tem-
perature furnace the Au agglomerates are charged with a
single electron each. By using this single electron charge the
Au agglomerates are size selected by a differential mobility
analyzer, in this case set at 50 nm. The aerosol is passed
through a sinter furnace with a temperature of 450° C. which
compacts the Au agglomerates into spherical Au particles.
After the sinter furnace the aerosol is mixed with the
precursor gases TMGa and AsH;, with a set molar flow of
2.4%1072 mmol/min and 2.2*107> mmol/min respectively.
The aerosol, including the precursor gases, enters the reac-
tion furnace set to a temperature of (i) 450° C. or (ii) 625°
C. Inside the reaction furnace the precursors decompose to
form the material constituents Ga and As. The material
constituents are supplied to the Au particles in the gas phase
and a GaAs seed crystal is nucleated on the Au particle. The
continued growth of the wire proceeds via two different
growth modes, (i) an axial growth mode where material is
incorporated in the interface between the Au particle and the
GaAs seed crystal forming a wire, (ii) a combination of an
axial and radial growth mode where material constituents
are incorporated both at the Au particle-GaAs interface and
on the side facets of the wire that is formed, forming a wire
with a conical shape. After the reaction furnace the wires are
transported by the carrier gas to a deposition chamber where
a voltage of 6 kv is applied to a Si substrate to deposit the
electrically charged wires. As shown in FIG. 10 the Au
particle is visible and has a bright contrast compared to the
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darker nanowires. As shown in FIG. 11 the Au particle is
visible having a bright contrast at the tip of the conically
shaped nanowire.

The formation of GaAs nanowires typically takes place in
the temperature regime between 380° C. and 700° C.
depending on the desired shape and properties of the formed
nanowires. A higher temperature typically results in a higher
growth rate, i.e., longer nanowires for a set growth time, but
also in a conical shape, along with effects on crystal struc-
ture and impurity incorporation. Besides temperature, the
ratio of group V material precursor to group III material
precursor, i.e., the V/III ratio, is important. If the V/III ratio
is too low, typically below 0.2, the nanowire growth pro-
ceeds in a group III rich environment which can reduce the
growth rate and material quality. If the V/III ratio is too high,
typically above 5, the nanowires are difficult to nucleate
since group III material can’t be dissolved in the Au par-
ticles. Formation of GaAs nanowires typically takes place
with a total pressure inside the reactor between 50 and 1100
mbar. A lower pressure reduces the supersaturation in the gas
phase which can reduce parasitic gas phase reactions. A
higher pressure increases the supersaturation in the gas
phase which can increase the supersaturation in the Au
particle and increase the growth rate. The pressure can also
be used to control the residence time in the growth reactor.

It should be noted that parameters such as temperature,
precursor flow, V/I1I ratio and pressure are dependent on the
precursor molecules that are used since only the material
that actually reaches the growth interface is incorporated. If
a precursor can withstand higher temperatures without react-
ing, the nanowire-forming reaction most likely takes place at
a higher temperature.

The above discussion on growth parameters is valid
mainly for single stage growth, where nucleation and wire
growth take place in a single reaction zone. For multiple
stage growth, the first nucleation stage should typically be
done at a higher temperature, lower precursor flow and
lower V/III ratio, compared to the subsequent growth steps.

Compared with MOVPE nanowire formation in the
described process typically takes place at a lower V/III ratio
but at similar temperatures. Since parameters such as tem-
perature, pressure, flows and V/III ratio are dependent on the
exact chemistry used to form the nanowires it is understood
that different materials may be formed at different param-
eters. For example II-nitrides may be formed at higher
temperatures due to the higher stability of the NH; precur-
sor, while InAs growth is done at lower temperatures.

Suitable materials for formation of the wires of the
method and the system in accordance with the invention
include, but are not limited to:

InAs, InP, GaAs, GaP and alloys thereof (In,Ga, ,As P, )

InSb, GaSb and alloys thereof (In,Ga, . Sb)

AIP, AlAs, AlISb and alloys thereof for example AIP,

As,.

InGaAsP alloyed with Al, for example Al Ga,  As

InGaAsP alloyed with Sb, for example GaAs,Sb,_,

InN, GaN, AIN and alloys thereof (In Ga,; N)

Si, Ge and alloys thereof, i.e. (Si,Ge, )

CdSe, CdS, CdTe, ZnO, ZnS, ZnSe, ZnTe, MgSe, MgTe

and alloys thereof

Si0,, C (Diamond), C (Carbon nanotube) SiC, BN

Suitable materials for the catalytic seed particle include,
but are not limited to:

Au, Cu, Ag

In, Ga, Al

Fe, Ni, Pd, Pt

Sn, Si, Ge, Zn, Cd

Alloys of the above, e.g., Au—In, Au—Ga, Au—Si
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Suitable gases for carrying the catalytic seed particles and
the wires in the process include, but are not limited to: H,,
N, or a mixture thereof; or He, Ar.

Suitable dopants include, but are mot limited to, for

InGaAl—AsPSb system: n-dopants: S, Se, Si, C, Sn;

p-dopants: Zn, Si, C, Be

AllnGaN system: n-dopants: Si; p-dopants: Mg

Si: n-dopants: P, As, Sb; p-dopants: B, Al, Ga, In

CdZn—OSSeTe system: p-dopants: Li, Na, K, N, P, As;

n-dopants: Al, Ga, In, Cl, I

According to common nomenclature regarding chemical
formula, a compound consisting of an element A and an
element B is commonly denoted AB, which should be
interpreted as A B, .

It should be appreciated that the wire growth may com-
prise one or more etch steps, where material is removed
rather than grown on the wires. Etching can also be used to
decouple radial and axial growth, which for example enables
lowering of the tapering of the wires or simple shape control
of the wires.

The size of the wires depends on many factors such as the
materials forming the wires, the intended application for the
wires and the requirement on quality of the wires formed.
Preferably the wires have diameter of less than 10 um, and
more preferably, in particular for formation of wires com-
prising lattice mismatched layers or segments, the wire
diameter is less than 300 nm.

Since the wires of the invention may have various cross-
sectional shapes the diameter, which interchangeably is
referred to as width, is intended to refer to the effective
diameter.

While the invention has been described in connection
with what is presently considered to be the most practical
and preferred embodiments, it is to be understood that the
invention is not to be limited to the disclosed embodiments,
on the contrary, it is intended to cover various modifications
and equivalent arrangements within the appended claims.

The invention claimed is:

1. A method for forming nanowires comprising:

providing metal catalytic seed particles suspended in a

£as,

providing Group III and Group V gaseous precursors, that

comprise constituents of the nanowires to be formed,
dissolving the Group III material into the metal catalytic
seed particles at a temperature of 380° C. to 700° C.;
making at least one seed crystal at the surface of the at
least one catalytic seed particle, and

growing epitaxially at least one nanowire crystal from the

at least one formed seed crystal in a gas-phase synthesis
including the gaseous precursors while the catalytic
seed particles are suspended in the gas and the con-
stituents of the nanowires to be formed are supersatu-
rated in the at least one catalyst seed particle, wherein
the at least one nanowire crystal is a III-V semicon-
ductor crystal which comprises gallium and arsenic.

2. The method of claim 1, wherein the nanowires are
formed in a continuous process.

3. The method of claim 1, wherein the nanowires formed
are carried by the gas.

4. The method of claim 1, wherein the growth conditions
during growth of each nanowire are varied by controlling
one or more of parameters associated with: precursor com-
position, precursor molar flow, carrier gas flow, temperature,
pressure or dopants, such that a nanowire segment is axially
grown on a previously formed nanowire portion in a longi-
tudinal direction thereof, or a shell is radially grown on the
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previously formed nanowire portion in a radial direction
thereof, or material is added as a combination of axial and
radial growth.

5. The method of claim 4, wherein the growth conditions
are varied to obtain heterostructures with respect to compo-
sition, doping, conductivity type within each nanowire.

6. The method of claim 4, wherein the growth conditions
are varied over time by controlling one or more of param-
eters associated with: precursor composition, precursor
molar flow, carrier gas flow, temperature, pressure or dop-
ants, or the size distribution of the catalytic seed particles is
varied, such that nanowires with different properties are
formed.

7. The method of claim 1, wherein the catalytic seed
particles are provided as an aerosol that is mixed with the
gaseous precursors.

8. The method of claim 1, wherein the catalytic seed
particles are provided by formation from gaseous reactants
that comprises at least one of the constituents of the catalytic
particles.

9. The method claim 1, wherein the gas containing the
catalytic seed particles flows sequentially through one or
more reaction zones, each reaction zone contributes to the
nanowire growth by adding material to the nanowire, and the
nanowires grown after passage through each reaction zone
are carried by the gas.

10. The method of claim 1, wherein the catalytic seed
particles are charged.

11. The method of claim 1, further comprising in-situ
analysis of the nanowires formed.

12. The method of claim 11, further comprising control-
ling the nanowire growth by feedback from in-situ analysis
parameters without interrupting the nanowire forming pro-
cess.

13. The method of claim 11, wherein the in-situ analysis
comprises illumination of the nanowires formed and detec-
tion of luminescence from the nanowires to determine
optical properties of the nanowires.
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14. The method of claim 1, further comprising depositing
and/or aligning the nanowires on a substrate.

15. The method of claim 1, wherein the nanowires com-
prise a first portion and a second portion, wherein the first
portion has a first composition or a first conductivity type
and the second portion has a second composition or a second
conductivity type, wherein the first composition or the first
conductivity type is different from the second composition
or the second conductivity type.

16. The method of claim 1, wherein:

the metal catalytic seed particles comprise gold catalytic

seed particles;
the Group III and Group V gaseous precursors comprise
gallium and arsenic containing precursors; and

dissolving the Group III material into the metal catalytic
seed particles at a temperature of 380° C. to 700° C.
comprises dissolving gallium into gold catalytic seed
particles to form Au—Ga seed particles.

17. The method of claim 16, wherein the metal catalytic
seed particles comprise molten catalytic seed particles.

18. The method of claim 16, wherein a gaseous precursor
is mixed with the gold catalytic seed particles prior to
initiation of nanowire growth.

19. The method of claim 1, wherein the at least one
nanowire crystal comprises a gallium arsenide nanowire
crystal.

20. The method of claim 1, wherein the nanowires have
a formula GaAs or In,Ga, ,As P, .

21. The method of claim 1, wherein the nanowires com-
prise a pn or pin junction in which a p or n doped nanowire
segment is grown axially on another one of the p or n doped
segment.

22. The method of claim 1, wherein a ratio of the Group
V precursor to the Group III precursor is between 0.2 and 5.

23. The method of claim 1, wherein growing epitaxially
at least one nanowire crystal occurs at a reactor pressure of
between 50 and 1100 mbar.
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